The orientation of bacteriorhodopsin in the purple membrane of Halobacterium halobium has been studied by proteolytic , and whole cells are all consistent with the conclusion that the carboxyl terminus as well as the additional cleavage site in the apomembrane are on the cytoplasmic side of the purple membrane. A preliminary account of these findings has appeared (10).
deduced for this terminus. (ii) The apomembrane, which lacks retinal, undergoes a second cleavage with trypsin releasing a fragment of approximately 6300 molecular weight from the amino terminus. (iii) Vesicles reconstituted from the purple membrane sheets and synthetic lecithins, in which the direction of proton pumping is opposite to that in the whole cells, have the carboxyl terminus of bacteriorhodopsin accessible to proteolysis. (iv) In envelope vesicles, which largely pump protons in the same direction as the whole cells, the carboxyl terminus is largely protected against proteolysis. (v) Treatment of whole cells with proteinase K hydrolyzes the cell wall proteins but has no effect on bacteriorhodopsin. However, the same treatment after lysis of the cells results in degradation of the hydrophilic region at the carboxyl terminus. The results show that the carboxyl terminus as well as the additional cleavage site near the amino terminus observed in apomembrane are on the cytoplasmic side of the purple membrane. The purple membrane of a number of extremely halophilic bacteria, e.g., Halobacterium halobium, functions as a lightdriven proton pump (1) (2) (3) (4) . It contains a single protein, bacteriorhodopsin, of molecular weight approximately 26,000 (1, 5) with one molecule of retinaldehyde (1, 2) covalently bound to a lysine residue. Bacteriorhodopsin constitutes 75% of the total weight of the purple membrane; the remainder is a special set of phospholipids (6) . Because the protein forms highly regular arrays in the purple membrane, it has been possible to deduce the electron density map at 7-A resolution by electron microscopy (7) . Thus, a model has been-proposed in which the bacteriorhodopsin molecule forms a continuum of seven a helixes, each of which spans the membrane and is largely embedded in it. No further information is available at present regarding the orientation or chemical structure of bacteriorhodopsin in the purple membrane, although some initial work on the primary amino acid sequence has been reported by Keefer and Bradshaw (8) .
In view of our interest in the structure and function of bacteriorhodopsin (9), we 
Methods
Preparation of Purple Membrane. Halobacterium halobium cells were grown, and the purple membrane was isolated by sucrose density gradient as described (9, 11) . The concentration of the purple membrane was determined by using the molar extinction coefficient at 560 nm of 6.3 X 104 (1, 5) ; this value was confirmed by amino acid analysis.
Preparation of Apomembrane. The purple membrane was suspended (2 mg/ml) in 4.0 M NaCl containing 1.0 M NH20H-HCI (pH 7.0) and the stirred suspension was irradiated at 250 with a 500-W quartz halogen lamp with a Schott 530 filter until the purple color had completely disappeared (12 (1977) 5427 electrophoresis was carried out at 20 V/cm for 2 hr. The peptides were identified by staining guide strips with ninhydrin reagent. The peptides were recovered by chromatographic elution with 1% pyridine.
Polyacrylamide Gel Electrophoresis. This was carried out in 18% polyacrylamide gels containing 0.1% sodiqm dodecyl sulfate (NaDodSO4) as described by Laemmli (13) . The gels were fixed and stained as described by Fairbanks et al. (14) . Amino Acid Analysis. Peptide or protein samples, driedin Pyrex glass tubes, were dissolved in constant-boiling HCI (0.5 ml). The tubes were evacuated, sealed, and heated at 1100 for 24 hr. Amino acid analyses were performed on the hydrolysates in a Beckman 119C amino acid analyzer.
Determination of the Amino Terminus by Dansylation Procedures. This was performed by the procedure of Weiner et al. (15) .
Preparation of vesicles
Reconstituted Vesicles with Synthetic Phospholipids. These were prepared by sonication of the purple membrane and synthetic dimyristoyl or other phosphatidylcholine in 0.15 M KCI (16) . The proton pumping activity from outside to inside was in the range of 160 neq/mg of the protein.
Envelope Vesicles. These were prepared essentially by the published procedure (17, 18) , except that sonication was done with a Branson sonifier W 185 (50 W, four times at 15 sec). After centrifugation at 46,000 X g for 30 min, the pellet was resuspended in 4 M NaCI/50 mM Tris-HCI (pH 8)/5 mM CaC12.
RESULTS
Release of a water-soluble peptide from carboxyl terminus The purple membrane sheets were treated with trypsin and degradation was followed by the formation of water-soluble peptide(s) as well as by electrophoresis on a NaDodSO4/polyacrylamide gel (Fig. 1) . The reaction leveled off with the release of about 15 mol equivalents of amino acids per mole of the protein in about 5 hr and the concurrent formation of a single new large product identified by polyacrylamide gels. The latter product corresponded to Mr approximately 24,500, i.e., 1500 less than that of bacteriorhodopsin ( Fig. 1) . The cleavage at the above site (designated site I) was inhibited by 0.15 M NaCi (the activity of trypsin on synthetic substrates is not inhibited under these conditions).
The water-soluble peptide formed was purified by highvoltage paper electrophoresis and showed the following amino acid composition: Asp, 2.1; Thr, 1.9; Ser, 1.7; Glu, 1.1; Gly, 3.0;
and Ala, 5.1. The fact that no lysine or arginine was present irl this fragment, which was produced by trypsin digestion, showed that it was derived from the carboxyl terminus of the protein.
Treatment of the peptide with carboxypeptidase A resulted in the sequential release of serine (1.0), threonine (1.0), and alanine (2.0). The degradation with carboxypeptidase A was also followed kinetically by using the purple-membrane directly; the results shown in Fig. 2 were obtained. Again, the amino acids serine, threonine, and alanine were released sequentially, suggesting that the sequence at the carboxyl terminus of the protein is -Ala-Ala-Thr-Ser(COOH). Failure to detect an NH2 group in bacteriorhodopsin and in products formed after cleavage by trypsin Results of attempts to detect a free amino group in bacteriorhodopsin by the dansylation procedure were negative, in . At intervals aliquots were removed and treated with one-third volume 0.1 M HCl and the precipitate that formed was sedimented by centrifugation at 8000 X g for 2 min. Aliquots of the supernatants were subjected to amino acid analysis; the values were corrected for the enzyme and substrate blanks. The pellets of precipitated membrane were dissolved in 1% NaDodSO4 solution and aliquots (& lg of protein) were subjected to electrophoresis on a NaDodSO4/polyacrylamide gel. The markers used and their molecular weights are: I, carboxypeptidase A (34,600); II, soybean trypsin inhibitor (21,500); and III, lysozyme (14,400). BR, bacteriorhodopsin.
agreement with the conclusion of others (8, 19 ).-Further, no free amino group was detected after cleavage by trypsin as described in Fig. 1 . This result showed that the cleavage by trypsin released a fragment only from the carboxyl terminus. Digestion of apomembrane with trypsin, proteinase K, and Pronase In Fig. 3 are shown the results of treatment of the purple membrane and of the apomembrane with trypsin. (Although not shown, the results with Pronase were similar to those in Fig.  3 .) As is seen, the result with the purple membrane was as described in Fig. 1 ratio of enzyme to purple membrane was increased to 1:1, instead of the usual 1:20, or when the digestion was prolonged to 18 hr instead of 3 hr, in which time the cleavage at site III in apomembrane was essentially complete. Fig. 4 shows the results of treatment of the purple membrane and the apomembrane with proteinase K. In addition to the cleavage noted above with trypsin or Pronase, a cleavage at a new site (designated site II) was observed in both cases. As shown by the kinetics in Fig. 4 , the proteinase K-specific cleavage occurred more slowly than the cleavages described above (Fig. 3) . Thus, with purple membrane, the large fragment first formed (Mr 24,500) corresponded to the cleavage at site I, and subsequent cleavage at site II gave the large fragment of Mr 23,500. With the apomembrane, the large fragment, ultimately formed as a result of the three cleavages, corresponded to Mr 17,200. As described below, the proteinase K-specific cleavage probably occurs at a site adjacent to site I, which in turn is proximal to the carboxyl terminus. In addition to the above cleavages, prolonged incubation of the apomembrane or of the purple membrane in the absence of 4 M NaCl with proteinase K resulted in complete degradation. Orientation (Fig. 2) in the expected amount and treatment with Pronase resulted in cleavage at site I. Removal of the fragment with Mr 1500 from the carboxyl terminus had no effect on the proton pumping activity of bacteriorhodopsin in the reconstituted vesicles.
Envelope Vesicles. Sonication of whole H. halobium cells yields "envelope" vesicles that have largely the correct sidedness since they pump protons in the same direction as do the whole cells (17, 18) . Fig. 5 shows the kinetics of digestion of the en-12 34 5 6 Oriqin.. velope vesicles by proteinase K. As is seen, the carboxyl tern (site I) is now largely protected from proteolysis. Lysis o vesicles by suspension in water confers susceptibility tc proteinase since the carboxyl terminus is now accessible.
H. halobium Cells. Attempted proteolysis of bacteria dopsin in whole cells would require the accessibility of the purple membrane surface to the proteolytic enzymes. Mescher and Strominger (20) have shown that digestion of H. salinarium cells with Pronase results in the degradation of the outer wall glycoprotein and in the concomitant conversion of rod-shaped cells to spheres, which retain viability. Since a similar glycoprotein has been reported to be present in H. halobium (21), proteolytic digestion should expose the plasma membrane and, consequently, bacteriorhodopsin should be accessible from outside. Fig. 6 shows the results of proteinase K digestion of whole cells containing the purple membrane or apomembrane. Channels 1 and 4 show the control, in which the normal and apomembrane cells were subjected to electrophoresis without proteinase K treatment. Channels 2 and 5 show the patterns after digestion with proteinase K; the digestions were continued until the cells had attained spherical shape. Channels 3 and 6 show the patterns obtained with membranes isolated after treatment of lysed cells with proteinase K. Bacteriorhodopsin in whole cells remained unaffectedt while bacteriorhodopsin in the lysed cells underwent complete cleavages at sites I and III and almost complete cleavage at site TI. The results thus show that in whole cells the cleavage sites are located on the cytoplasmic side.
DISCUSSION

Flasu
Molecular Weights and Ordering of Proteolytic Fragments. The present work has described an initial study of the ninus topology of bacteriorhodopsin in the purple membrane. The if the molecular weights of the fragments obtained by proteolysis are the shown in Fig. 7 , while their arrangement along the primary sequence of bacteriorhodopsin is shown in Fig. 8 . First, the Irhomolecular weight (26,000) of bacteriorhodopsin as found in the present work by using terminal degradation with carboxypeptidase is consistent with the conclusion of other workers (1, 5) . Second, in all, three proteolytic cleavages were observed (Fig. 8) . Treatment of bacteriorhodopsin in purple membrane with trypsin or Pronase gave a single cleavage (site I), producing a membrane-bound fragment (b in Fig.. 7) the latter is clearly at the carboxyl terminus, site III must be near the amino terminus. Further, while the molecular weight of the fragment d (Figs. 7 and 8 ) could be assigned from the mobility in the NaDodSO4/polyacrylamide gel, that of the fragment (g) released from the amino terminus could only be deduced by difference to be -6300 since the gel method does not resolve polypeptides with Mr below 11,000. Further, the slow cleavage at site II described above for purple membrane was also observed with the large fragment (Mr 18,200) that was obtained from apomembrane by cleavages at sites I and III. Site II must therefore be at an end of the molecule unaffected by site III, i.e., near the carboxyl terminus of bacteriorhodopsin. Some other observations made in the present work cannot be uniquely interpreted at this stage but could no doubt be of interest in ultimately understanding the structure of bacteriorhodopsin in the purple membrane. Cleavage at site I by trypsin was inhibited by the presence of salt in as low as 0.15 M concentration. On the other hand, cleavage at site III by trypsin was not detectably affected at this salt concentration. With proteinase K, the presence of 4 M NaCl was necessary for selective cleavages; complete digestion of bacteriorhodopsin occurred in the absence of salt. (24) . It seems reasonable to postulate that the proteins begin to be synthesized on the cytoplasmic side and the growing polypeptide chain begins to traverse the bilayer before the completion of the synthesis (25 
